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INTRODUCTION 
The testing of CANDU Zr-Nb pressure tubes for the presence of hydrides is a 
problem which is of current interest, as the premature replacement of pressure tubes 
could occur if the estimation of hydride levels is not made correctly. It has been shown 
that changes in the ultrasonic and thermal expansion properties of the material occur at 
a particular temperature, known as the terminal solid solubility (TSS) temperature [1]. 
Here, stable zirconium hydride platelets present at low temperatures dissociate to form 
free hydrogen on heating, and also reform from free hydrogen on cooling. Note that the 
TSS temperature is likely to be different for heating and cooling, due to hysteresis and 
thermodynamic effects, and will be dependent on the heating or cooling rate. The TSS 
temperature is known to be a function of the concentration of hydrogen present, and in 
fact follows a well known phase diagram [2], where the two-phase system becomes a 
single phase plus free hydrogen on heating (see Figure 1). The region of low atomic % 
is represented at the extreme left of this phase diagram. At a given value of atomic % 
of hydrogen (or the equivalent in parts per million (ppm», a phase change will occur on 
heating from the two phase system containing the hydride to the single phase plus 
hydrogen. A transition in the reverse direction will occur on cooling. The temperature 
at which this happens is the TSS temperature, the value of which depends on the % of 
hydrogen present. Hence, determination of the TSS temperature leads directly to an 
estimation of hydride content. 
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Initial measurements were performed as a function of temperature [3], using 
dilatometry to estimate thermal expansion effects, and non-contact techniques to 
measure ultrasonic velocity. The dilatometry used a commercial instrument, and gave a 
clear indication of the TSS transition. However, small samples had to be cut from tubing 
to perform such a measurement. The use of changes in ultrasonic velocity was also 
confirmed as a possible method of estimating the TSS temperature, but again the 
apparatus was designed to study small samples. In the following Sections, the two 
methods are advanced towards system capable of potential practical application. Thermal 
expansion has been measured in actual tube samples, using capacitance techniques. An 
electromagnetic acoustic transducer (EMA T) has been designed for through-thickness 
ultrasonic measurements from the inner wall of a tube. Results from both sets of 
experiments are now described, and their possible application to the testing of real 
tubing discussed. 
ULTRASONIC VELOCITY STUDIES 
Background 
It would be expected that the temperature dependence of ultrasonic longitudinal 
velocity would change at the TSS temperature for a particular hydride concentration. 
The aim of these studies was thus to measure the velocity as a function of temperature, 
starting above the TSS temperature, and to perform measurements as the sample cooled 
slowly. Any change caused by the re-formation of hydride platelets would then be visible 
as either a change in slope or a discontinuity in the plot of velocity versus temperature. 
Because of the high temperatures involved, the usual piezoelectric transducers could not 
be used. Hence, a system based on electromagnetic acoustic transducers (EMA Ts) has 
been investigated, which is capable of operation at temperatures of at least 500°C. The 
two aspects of interest here are the design of the EMA T detector to withstand high 
temperature operation, and the presence of a sufficiently wide ultrasonic bandwidth to 
allow individual echoes to be resolved within the thickness of the tube wall. In this report 
we have investigated the worst case in this regard, namely a longitudinal device. This has 
been tested as a stand-alone receiver at high temperatures, using a pulsed laser as a 
source. Note that the EMAT can be designed as a source, with a change in the coil 
winding configuration and a suitable high current pulsing circuit, so that a complete 
EMA T system could be envisaged for practical application. 
Design of high temperature EMA Ts 
The EMA Ts were developed to operate at a small distance (O.5mm or less) from the 
inside wall of a zircalloy tube sample, the sample having the diameter and thickness used 
in CANDU reactors. It was also designed to have a bandwidth such that multiple 
reflections could be observed within the wall thickness of a typical Zr-Nb pressure tube, 
at temperatures of up to 500°C. 
1626 
A diagram showing the design of the longitudinal EMA T are shown in Figure 2. The 
EMAT used alcomaxIII magnets, which are rated for use at temperatures of up to 
SSO°c. One disadvantage of this is that a reduction in magnetic field resulted when 
compared to that available from the more commonly used Nd-Fe-B magnets, but the 
sensitivity was found to be adequate for the present measurements. The alcomaxIII 
magnets were fitted with special pole pieces to result in a fringing field at the tube wall. 
This gave the horizontal magnetic field necessary for longitudinal operation. Note also 
the shape of the pole pieces were such that they were well-suited to positioning of the 
EMA T within the inside wall of the tube. The coil was designed with some care, as the 
wire had to withstand temperature cycling, and had to be coated with an inert ceramic 
insulation which had to resist electric breakdown and hence shorting of one part of the 
coil to another. The EMAT coil wire was connected to an integral preamplifier along 
stainless steel connecting channels, the output being suitable for connection to an 
oscilloscope. 
Experimental results 
The EMA T was first tested using the experimental configuration shown in Figure 3. 
The laser was a Lumonics "mini-Q" Nd:YAG, Q-switched laser, delivering 4ns pulses at 
a wavelength of 1060nm in the near infra-red, at energies up to 120mJ. The laser beam 
was focused onto the sample, and generated an ultrasonic source at one surface of the 
Zr-Nb sample. Multiply-reflected ultrasonic transients were then detected at the far 
surface by the longitudinal EMAT, the output from which was digitised using a Tektronix 
2430A oscilloscope and transferred to computer for storage and analysis. The 
temperature of the sample was measured with a thermocouple attached directly to the 
sample face. 
The apparatus was set up, as shown in Figure 3, with the Zr-Nb sample under test 
close to the end of the furnace, which was then heated up to SOOoC or above, and left 
for an hour to stabilise. The furnace was then switched off and allowed to cool slowly. 
Whilst the furnace was cooling, measurements were taken by recording ultrasonic 
waveforms transmitted through the sample at predetermined intervals in temperature. 
The cooling rate used was such that the temperature dropped from 400°C to 200°C in 
approximately 90 minutes. A ultrasonic single reflection within the tube wall was 
recorded at SoC intervals, and the time of arrival estimated as a function of temperature 
It should be noted that the experiment would measure changes in transit time for 
longitudinal waves across the sample, and not those of true velocity. However, Zr-Nb 
alloy has a low coefficient of thermal expansion, and using a known average value it can 
be shown that the effect of thickness changes on transit time, due to thermal expansion 
effects, is negligible. Hence, changes in transit time shown in the results to follow would 
be effectively a measure of equivalent changes in ultrasonic wave velocity. 
Results and Discussion 
The results for the set of zircalloy samples are shown in Figures 4,S and 6 for the 
samples hydrided to 30ppm, 60ppm and in the as-received condition respectively. It is 
evident from these plots that the temperature dependence of arrival time exhibited a 
discontinuity at a particular temperature, the TSS temperature described earlier. It is 
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Figure 1 Phase diagram for the H-Zr 
system. 
Figure 3 Schematic diagram of the 
apparatus used in through thickness 
testing of Zr-Nb sample. 
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Figure 5 Arrival time of a longitudinal 
pulse for a sample of 60ppm. 
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Figure 6 Arrival time of a longitudinal 
pulse for a sample as-recieved. 
also clear that this transition temperature was a function of the nominal hydriding level, 
when the samples were supplied, and that the TSS temperature increased with the 
hydride concentration, as expected. It should be noted that the exact position of the 
transition temperature (the TSS temperature) will depend on the rate of cooling, as 
noted earlier. In the present experiments, this involved the natural cooling of the sample 
in the furnace. For practical application of such a technique, a calibration curve would 
have to be established for the particular heating or cooling rate adopted for the 
particular measurement. 
It is evident from the above that EMATs can be designed with the appropriate 
bandwidth and temperature stability for the determination of the SST temperature in Zr-
Nb tubing material, and that this could lead to a practical method for the determination 
of hydride concentrations. 
TIIERMAL EXPANSION MEASUREMENTS 
Introduction 
It was stated earlier that in common with a change in the elastic properties of the 
material, a change in the thermal properties would be expected at temperatures above 
and below the SST. This would be most obvious as a change in the thermal expansion 
and/or contraction properties of the sample. A laboratory-based dilatometer was first 
used, this being an instrument designed to measure the thermal expansion properties of 
small samples of materials. It was shown that strong effects were present, which could 
in principle be used for a practical measurement. The present work was initiated to 
establish whether a method capable of practical implementation could be developed. The 
use of non-contact capacitance devices were tested to establish whether such techniques 
held promise for detecting the TSS transition, and hence for estimating hydride 
concentration. Note that although thermal expansion effects were negligible in the 
ultrasonic measurements above, they could still be measured using instrumentation 
optimized for establishing the thermal expansion properties themselves. 
Capacitance measurements 
A schematic diagram of the apparatus used to investigate capacitance methods is 
presented in Figure 7. The tube sample was positioned within a Griffin electric furnace, 
and heated up to 400°C so as to induce the sample hydrides to dissociate. As in the 
ultrasonic measurements above, the temperature was left to stabilize, and then the 
furnace switched off so that the sample cooled naturally. Contraction of the tube was 
monitored using a capacitance probe, which was carefully positioned in a fixed location, 
within a small distance (less than Imm) from the outside wall of the sample. The probe 
consisted of a flat circular electrode of 15.85mm diameter, surrounded by an annular 
guard-ring to suppress fringing fields. The capacitance formed by this electrode and the 
grounded sample changed as the tube contracted, and this was measured using a Wayne-
Kerr TEP6B capacitance bridge unit, connected to a Keithley 197 A digital multimeter. 
The temperature was again monitored using a thermocouple attached directly to the 
sample. 
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The stainless steel electrode assembly was found to work well at temperatures of up 
to approximately 320°C, but above this temperature it was found not to be reliable. 
However, this was acceptable for tubing samples with 3Oppm, 60ppm and as-received 
hydride concentrations. Results for the three concentrations quoted are shown in Figures 
8, 9 and 10. Clear transitions at the TSS temperatures were again evident for the 30ppm 
and 60ppm samples, with the as-received sample not showing a significant transition, as 
expected. 
Results were also obtained for a tube sample which was hydrided to a nominal 
60ppm for a certain portion of its length, but unhydrided elsewhere. Results for the 
hydrided section are shown in Figure 11, where again an unmistakeable transition was 
evident. It is interesting, however, to compare the results to those obtained from the 
unhydrided area, as is done in Figure 10. The clear transition at 60ppm seems to have 
had some effect on results from the unhydrided section, in that the curves are somewhat 
similar. Note, though, that the 60ppm curve has two clear linear regions, separated by 
a discontinuity, a phenomenon common to the other capacitance measurements of the 
hydrided tubes (Figures 8 and 9). These features are not present in the unhydrided 
section. Hence, it is felt that while some cross-talk between two portions of the tube has 
probably occurred, this would not unduly affect the chances for hydride estimation in a 
tube containing various hydride levels. 
DISCUSSION AND CONCLUSIONS 
It has been demonstrated that both ultrasonic and thermal expansion methods have 
potential for the measurement of the TSS temperature, and hence to provide an estimate 
of the hydride concentration present in Zr-Nb pressure tube material. The temperature 
estimated will be different on heating and cooling, and will be dependent on the rate at 
which the temperature changes are imposed. It is thought, however, that either of the 
two approaches are capable of estimating the TSS, provided suitable precautions are 
observed. 
A feature of interest is the measure of agreement in the estimate of TSS 
temperature between the ultrasonic and thermal expansion data. The two approaches 
used similar, but not identical, cooling rates, and hence small differences would be 
expected, as is observed. However, there is general agreement between ultrasonic and 
capacitance gauge data (Figures 5 and 9), in that the 60ppm sample underwent a cooling 
transition over the range 275°C - 300°C. The equivalent temperature range for the 
30ppm sample was 210°C - 230°C, and was also observed (Figures 4, 8). It should be 
noted that the present experiments, performed under conditions of natural cooling, did 
not represent a constant cooling rate, but in fact cooling would be more rapid at higher 
temperatures. This may have been the cause of some deviations from linearity observed 
for some samples. 
The two techniques, ultrasonic velocity and thermal expansion, both have promise 
for practical implementation. It is evident that EMATs could measure changes in 
ultrasonic properties, but they may have a problem if r.f. heating is used in practice when 
they are in place. This would almost certainly cause them to malfunction. Hence, if 
EMA Ts are to be used, they must be inserted once heating of the tube to an elevated 
temperature has occurred, and this may not be convenient. Conversely, capacitance 
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devices could almost certainly be designed to withstand r.f. heating effects. Further, they 
would not be affected adversely by radiation. In the above work, they were positioned 
on the outside tube wall for convenience. For a practical test, they could be designed for 
operation inside the tube, with perhaps more than one electrode. 
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